Nanoscale assemblies are a unique class of materials, which can be synthesized from inorganic, polymeric or biological building blocks. The multitude of applications of this class of materials ranges from solar and electrical to uses in food, cosmetics and medicine. In this review, we initially highlight characteristic features of polymeric nanoscale assemblies as well as those built from biological units (lipids, nucleic acids and proteins). We give special consideration to protein nanoassemblies found in nature such as ferritin protein cages, bacterial microcompartments and vaults found in eukaryotic cells and designed protein nanoassemblies, such as peptide nanofibres and peptide nanotubes. Next, we focus on biomedical applications of these nanoscale assemblies, such as cell targeting, drug delivery, bioimaging and vaccine development. In the vaccine development section, we report in more detail the use of virus-like particles and self-assembling polypeptide nanoparticles as new vaccine delivery platforms.
Introduction
Nanotechnology encompasses the understanding and control of matter at dimensions between 1 and 100 nm (http://www.nano.gov). At those dimensions, materials may acquire unusual physical, chemical and biological properties, and functions that are remarkably different from those observed at the macro scale. For example, at the macro scale, one of carbon's allotropes graphite is characterized by softness, whereas at the nanoscale, carbon nanotubes show unique strength of attraction [1] . Fullerene is another example of a nanomaterial composed of carbon. Other examples of nanomaterials are quantum dots (QDs), liposomes, dendrimers, paramagnetic nanoparticles and virus-like particles (VLPs).
The future implications of nanotechnology are outstanding as it can offer more solutions to technological problems than conventional systems. Nanotechnology is a multi-disciplinary field, which can create materials and devices that can be applied to aerospace, medicine, information technology, agriculture and energy production. The aim of this review is twofold: first, to describe new methods of producing nanoscale assemblies and their characteristic features; and second, to report novel developments in nanoscale assemblies that can be applied to medical treatments involving diagnosis, prevention and treatment of disease.
Initially, polymer nanosystems will be reviewed in the light of their potential biomedical applications. Following that, nanomaterials composed of biomolecules, such as nucleic acids and proteins (nanoscale bioassemblies), and their potential medical applications will be described. A special focus is given to nanobioassemblies as these are biocompatible and thus avoid toxicity issues, which may be present in polymer nanosystems. Another important point when linking nanotechnology to biology is that those nanoparticles have the same size as biological entities such as ribosomes and viruses [2] . gene delivery systems, protective shells for heterogeneous catalysis, dye dispersants or as mediums for the displacement of contaminated waste. Here we focus on the biomedical applications of polymer nanocapsules only. For example, a modified oil-in-water emulsion technique was used to fabricate poly(u-pentadecalactone-co-p-dioxanone) (poly(PDL-co-DO)) copolyester nanoparticles that were encapsulated with an anticancer drug, doxorubicin (Dox), or an oligonucleotide, siRNA [3] . The poly(PDL-co-DO) copolyesters were being investigated as new materials for biomedical applications. Both the Dox and the siRNA encapsulated nanoparticles showed a biphasic release profile over many weeks. It was also found that the physical properties and biodegradation rate could be adjusted over a broad range by varying the copolymer composition. The authors concluded that poly(PDLco-DO) copolymers which are enzymatically synthesized are promising biomaterials.
Poly(lactic-co-glycolic acid) (PLGA) is a biomaterial that was approved by the US Food and Drug Administration (FDA) in 1969 and, since then, has been in continuous, safe clinical use. It has also been approved by the European Medicine Agency in several drug delivery systems in humans. For a very comprehensive review of PLGA-based nanoparticles and their biomedical applications, see [4] . PLGA nanoparticles have been shown to be an adequate vehicle for the delivery of siRNA [5] . Recently, there has been much attention given to siRNA for the development of a new class of therapeutic agents. However, a major hurdle for its clinical utility has been inefficient in vivo delivery. By creating a multi-functional PLGA nanoparticle encapsulated with siRNA, Zhou et al. [5] showed that target genes could be knocked down and tumour growth could be controlled in vivo. Notably, eight separately controlled functions were incorporated in the PLGA nanoparticles. Just as in vivo delivery of siRNA is challenging, so is any nucleic acid delivery. Poly(glycidyl methacrylate) is an interesting polymer because its pendant epoxide groups can be opened with different functional groups to fabricate poly(glycerol methacrylate) (PGOHMA) derivatives [6] . Gao and co-workers reported that some aminated PGOHMAs readily complexed with an antisense oligonucleotide and high transfection efficacy was obtained. Some other waterinsoluble PGOHMAs could form pH-sensitive nanoassemblies. PGOHMAs represent thus another interesting alternative to oppositely charged delivery vehicles, such as cationic polymers and lipids traditionally used in nucleic acid delivery.
In order to create polymer nanoparticles, several approaches are being investigated, including template synthesis, self-assembly, emulsion polymerization and core removal of dendrimers [7] . Foster et al. [8] used the collapse of single polymer chains by UV irradiation to create polymer nanoparticles. In an effort inspired by biology, hydrogen bonding was the driving force responsible for the reversible folding into a nanoparticle. The nanoparticles were created from poly(norbornene) diblock copolymers in which the minor block has either a urea or urethane pendant group with an ureidopyrimidinone moiety. These polymer nanoparticles could be used for drug delivery.
Kim et al. [9] departed from the traditional approaches of synthesizing polymer nanocapsules, such as the use of an emulsifier or template, by directly creating a polymer nanocapsule using traditional chemical reactions. The building blocks of these polymer nanocapsules are cucurbit [6] uril (CB), which are rigid, disc-shaped host molecules with a cavity and multiple polymerizable groups at the periphery. When CB molecules reacted with dithiols, the CB units were brought together to form the shell of a nanosphere. These polymer nanocapsules had a highly stable structure with diameters ranging from approximately 60 to 600 nm. Their hollow interiors lend themselves to a wide range of applications, such as imaging and drug delivery. Recently, Sakai et al. [10] prepared polymeric nanocapsules made of mixtures of poly(1-caprolactone) (PCL) and PLGA using an electrocapillary emulsification method. The nanometre level was obtained as the proportion of PLGA added to the mixture increased. The duration of glucose release from the PCL/PLGA nanocapsules was longer compared with PCL capsules.
As discussed by Kuykendall & Zimmerman [11] , with all the aforementioned polymer nanosystems, it must be pointed out that their usefulness in a clinical setting of drug delivery depends on demonstrating that they are non-toxic, non-immunogenic and possess an appropriate biodistribution profile. Chitosan, a cationic polysaccharide, is biodegradable, innately biocompatible and non-toxic to living tissues [12] . Chitosan nanoparticles have been prepared by ionic gelation [13] . Another challenge is finding a suitable drug delivery vehicle that does not by itself enhance inflammation. Sy et al. [14] attempted to solve this problem by an emulsion/solvent-evaporation procedure to fabricate large poly(cyclohexane-1,4-diylacetone dimethylene ketal) (PCADK) microspheres encapsulated with a hydrophobic drug to treat cardiac dysfunction. Even though the obtained spheres are not at the nanoscale, the new biomaterial PCADK used in this study is of great distinction because its degradation products are neutral. This in turn prevents a grave foreign-body response by the immune system. For myocardial infarction, this is of utmost importance, as cardiac dysfunction is characterized by an inflammatory response.
Another issue to consider regarding drug delivery using polymer nanoparticles is the amount of time the polymer nanosystem circulates in the blood. Normally, the polymer nanospheres are modified with polyethylene glycol (PEG) to increase their circulation time in the bloodstream. Geng et al. [15] show that filamentous polymeric micelles known as filomicelles (which are between 22 and 60 nm in diameter, and 2-8 mm in length) stay in the blood longer than PEG vesicles and 10 times longer than spheres of similar chemistry. This line of research was inspired by filamentous viruses that infect animals, and it showed the importance of size and shape when designing a nanocarrier.
Nanoscale bioassemblies and their characteristic features
In contrast to polymer nanoparticles, nanoscale bioassemblies are nanomaterials created from biological building blocks, which can be used for biomedical applications, such as drug delivery, gene therapy, vaccination and bioimaging. Liposomes, DNA, proteins and VLPs have been extensively investigated as materials in bionanotechnology. VLPs consist of the virus capsid devoid of genetic material. For nucleic acids, proteins and viruses, the driving forces for self-assembly are multiple non-covalent interactions, which lead to the formation of exceptionally organized nanostructures with a variety of sizes and shapes.
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Lee & Wang [16] reported the distinctive features of bionanoparticles making them attractive biomaterials compared with synthetic nanoparticles as follows:
-well-organized architectures with a broad selection of sizes at the nanometre scale; -monodispersed particles with uniform size and shape; -three-dimensional structures resolved at atomic or near-atomic levels; -economic large-scale production in gram or even kilogram quantities; -availability of genomic sequence, through which the composition and surface properties can be controlled through recombinant technology (applicable only in the case of proteins and VLPs); and -in particular, both genetic and chemical modification techniques can be used to mould the scaffolds, thereby allowing theoretically unlimited alterations of the nanomaterials with submolecular precision.
Liposomes
Liposomes are lipid bilayer vesicles (figure 1e). They consist of single or multiple concentric lipid bilayers with an internal aqueous core. In the case of a single lipid bilayer, liposomes are classified as unilamellar vesicles (50-250 nm); when there are multiple bilayers, they are classified as multi-lamellar vesicles (500-5000 nm). Liposomes were first discovered by Bangham [21] and were initially used as models for plasma membranes. However, because of their versatility, liposomes started being used in biomedical applications, such as drug delivery and imaging. Their internal aqueous compartments also make them suitable as nanoscale reaction vessels [22] . The versatility of liposomes is derived from their hydrophobic outer shell (lipid bilayer) and internal hydrophilic compartments. Drugs or macromolecules that are hydrophobic can be embedded in the lipid bilayer, while those that are hydrophilic can be encapsulated in the central aqueous cavity. As a third way to engineer liposomes drug molecules can be covalently coupled or physically adsorbed to the liposome surface. When chemical conjugation occurs the mean vesicle diameter can be altered. Besides their versatility, liposomes offer the extra advantages of biocompatibility, biodegradability, low toxicity and ability for surface and size modification. Liposomal technology has been clinically approved for cancer treatment [23] . Doxil is an example of liposomes loaded with the drug Dox (http://www.doxil.com/assets/ DOXIL_PI_Booklet.pdf ). Doxil is a stealth liposome because its surface was covalently modified with PEG to improve its circulation time. Besides short blood circulation halflives, other shortcomings of conventional liposomes are steric stability and poor control of drug release over a prolonged period of time. Researchers from different areas, such as materials science, pharmaceuticals and cell biology, have had to collaborate in order to overcome the limitations of conventional liposome technology. One way of achieving local drug retention and sustained release over a prolonged period of time is the triggered release of bioactive molecules by environmental or external stimuli, such as pH, magnetism, temperature and electromagnetic radiation at different radiofrequencies. For instance, Thermodox is a thermally sensitive liposome loaded with Dox being studied for primary liver cancer and recurrent chest wall breast cancer (http://celsion.com/docs/technology_thermodox).
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Because of their clinical success and physico-chemical flexibility, liposomes have generated interest in hybrid constructs. These constructs could obtain multiple functionalities, such as therapeutics and diagnostics. This would allow for personalization of treatment. Indeed, several liposome-hybrid systems are in preclinical development for theranostics applications. As an example, TOPO-capped QDs were incorporated in lipid bilayers, and the internal cavity was loaded with Dox with an efficiency of at least 97 per cent to create a theranostic vector [24] .
Nucleic acid-based nanoassemblies
The particular size of the DNA molecule is one of its most attractive characteristics for use in nanotechnology. DNA has a diameter of approximately 2 nm, a short structural repeat of around 3.4-3.6 nm and a persistence length (a measure of stiffness) of about 50 nm. In order to create DNA-based nanostructures, the specific bonding between DNA base pairs has been explored. Shih et al. [25] reported that a 1.7 kb single-stranded DNA folded into an octahedral structure by a simple denaturation -renaturation procedure. Another method for creating specific DNA structures is DNA origami. DNA origami (named after the Japanese art of paper folding; figure 1f ) is an incredibly versatile and popular method for creating DNA nanostructures. This method was pioneered in 2006 by Paul Rothemund from the California Institute of Technology, and it basically consists of taking a long single-stranded DNA and mixing it with short, complementary 'staple' strands [26] . Afterwards, the mixture is heated then cooled, allowing the single-stranded DNA to bind with the staples creating different shapes, such as five-pointed stars and smiley faces. A computer program is used to predict the sequences of the short 'staple' strands.
In 2009, Douglas et al. [27] expanded the DNA origami method by using it to create three-dimensional shapes, which turned DNA into an accessible and attractive nanomaterial for the 'bottom-up' fabrication of synthetic devices. Andersen et al. [28] designed and synthesized a DNA box with a programmable lid that has the potential to both 'sense and act'. In 2012, Douglas et al. [29] advanced the DNA origami technology one step further. Douglas and colleagues created a DNA nanorobot with cell-targeting capabilities, which was capable of delivering molecular payloads such as antibody fragments and gold nanoparticles. These results have important implications in cancer treatment. For a more in-depth discussion of the DNA origami technology, see the study of Torring et al. [30] .
The creation of DNA nanoparticles with other materials has been used in gene therapy as an alternative to viral vectors, which are limited due to safety concerns. The following advantages can be attributed to these non-viral delivery systems: repeated administration with the ability to evade interception by the immune system, targeting potential, long-term storage stability and easy mass-production. A folate-chitosan-DNA nanoparticle has been characterized, and it has been shown to combine the biocompatibility of chitosan with increased transfection efficiency by using folic acid as a ligand for targeting cell membranes [31] . While the current DNA delivery systems are safe and versatile, they do not have the transfection yield of viruses. It is likely that the integration of the smart mechanisms of infection by viruses into forthcoming DNA delivery systems will allow these systems to function similar to viral DNA delivery.
Virus-like particles
VLPs are composed of viral capsid proteins in their authentic conformation devoid of their genetic material (figure 1d). Because VLPs lack the DNA or RNA genome of the virus, issues relating to reversion to virulence or recombination with the wild-type or related viruses are avoided [32] . Viral particles possess the following exciting features: nanometre-sized, robust protein shells with defined geometry and astonishing uniformity making them well suited for nanoscale production; knowledge of the atomic structures of many viruses which enables researchers to mutate amino acids in the viral capsid for bioconjugation; and site-directed mutagenesis can be easily used to create cysteines and lysines in surface-accessible regions of the viral capsid, allowing for chemical conjugation of molecules to those amino acids in different regions of the viral capsid.
Because of the good accessibility of lysine and cysteine residues on VLPs, bioconjugation has been achieved using commercially available homo-or hetero-bifunctional linkers [33] [34] [35] [36] . For example, three foreign proteins were chemically conjugated to the surface of cowpea mosaic virus (CPMV) using appropriate bifunctional cross-linkers [34] . It must be pointed out, however, that there are different chemistries being used for bioconjugation. Recently, Patel & Swartz [37] reported the use of a cell-free protein synthesis platform and a one-step, direct conjugation scheme to synthesize VLPs with ligands, such as proteins and nucleic acids, attached to their surface. Direct conjugation was done using azide-alkyne click chemistry. This synthesis platform allows the production of custom-designed VLP bioconjugates for biomedical applications such as vaccines, diagnostics and therapeutics, along with its use in other nanotechnological applications.
Another interesting application of VLPs is the presentation of fullerenes (C 60 or buckyballs) on their surface. Recently, there has been much interest in the use of fullerene in biomedicine but the fact that it is insoluble in water limits its application. VLPs could have a dual purpose: first to act as hydrophilic 'chaperones' for C 60 to improve fullerene's aqueous biocompatibility, and second, to serve as a template for the methodical organization of several C 60 units in conjunction with other functional molecules. The hybrid C 60 -VLPs show promise in photoactivated tumour therapy [38] .
VLPs have also been used to generate anti-tumour responses. McKee et al. [39] showed that by conjugating a glycolipid to a rabbit haemorrhagic disease VLP, potent antitumour responses were obtained from a single intravenous vaccination. Avogadri et al. [40] investigated the effect of VLP technology on melanoma, one of the most dangerous forms of skin cancer. For this immunotherapy study, they selected alphavirus-based virus-like replicon particles (VRP) expressing different antigens of melanoma differentiation antigen tyrosinase. They identified tyrosinase-related protein 2 (TRP-2) as the most potent antigen. VRP-TRP-2 showed potent therapeutic effect by eliciting TRP-2 specific antibodies and cellular immunity. It is interesting to note that the first two preventive cancer vaccines are VLP based (anti-hepatitis B virus (HBV), to prevent HBV-associated hepatocellular carcinoma [41] , and anti-human papillomavirus (HPV), to prevent HPV-associated cervical carcinoma [42] ).
While VLPs have therapeutic potential, it can be challenging to produce them when the functional virus coat is from a virus rsif.royalsocietypublishing.org J R Soc Interface 10: 20120740 with a lipid envelope and is used to carry an artificial cargo. This is the case with alphaviruses, which are enveloped viruses. Dragnea and co-workers [43] were able to self-assemble an alphavirus capsid around a functionalized gold nanoparticle. While the membrane layer was absent, the self-assembly of the alphavirus capsid protein shell was a first step towards the creation of VLPs from enveloped viruses. Another challenge for VLP production is that the engineering 'rules' for protein self-assembly into virus capsids are still not always clear. Virus capsid folding, such as that of the hepatitis B core (HBc), is not always well understood [44] . Janssens et al. investigated improvements in the HBc particle assembly for vaccination research and found that 'in silico predictions do not ensure assembly into particles'.
Ferritin protein cages
Ferritins are globular protein complexes that are vital to iron homeostasis and that are present throughout the microbial, plant and animal kingdoms. The ferritin protein family can self-assemble into protein cages of two types. Maxi-ferritins have 24 nearly identical protein subunits that self-assemble into a spherical cage with an octahedral symmetry [45] . According to the crystal structure solved by Lawson et al. [46] , ferritin has an outer diameter of 12 nm and an inner cavity diameter of 8 nm. The iron cluster is located within the protein layer and has a dimension of 1-2 nm, which positions it between the inner and the outer shell surface at a distance of about 1 nm from each of these surfaces. The other types of nano-cage are the mini-ferritins that have tetrahedral symmetry, hollow assemblies composed of 12 monomers.
Since ferritins belong to a class of mineralization proteins, their hollow spheres have been used as size-constrained reaction containers for the synthesis of bioinorganic nanomaterials with controlled dimensions. For example, amorphous iron sulphide minerals were synthesized in situ using horse spleen ferritin [47] . Generally, the mineralization of ferritin using high-oxidation-state metal ions has been unattainable. Recently, however, Klem et al. [48] reported the photoinduced mineralization of ferritin using high-oxidation-state metal ions as precursors. They turned to the natural sequestration mechanism observed in some marine siderophore systems to photochemically synthesize stable europium, titanium and iron oxyhydroxide nanoparticles in the ferritin protein cage. A different approach to synthesize inorganic nanoparticles is to genetically engineer metal-binding peptides into the ferritin's inner cavity, creating chimeric cages. This was the approach used by Kramer et al. [49] to synthesize silver nanocrystals.
Human ferritin cages can also be used in diagnostics as magnetic resonance imaging agents for in vivo detection of vascular macrophages [50] . This is possible because ferritin accumulates in human plaque macrophages and iron oxide (magnetite) nanoparticles can be encapsulated in its cavity. Uchida et al. [51] incorporated multiple functionalities in ferritin by genetically engineering cell-specific targeting peptide on its exterior surface and synthesizing magnetite nanoparticles within the interior cavity. This multi-functional ferritin protein cage shows potential as a novel diagnostic imaging agent.
Protein-based organelles in bacteria and eukaryotic cells
Most metabolic pathways that occur in eukaryotic cells occur in membrane-enclosed organelles, such as mitochondria and lysozomes. However, approximately 20 per cent of all bacteria and all eukaryotic cells also contain protein bound organelles [52] . Two types of these natural proteinaceous complexes are bacterial microcompartments (BMCs) and vaults, present in eukaryotic cells. BMCs are enzyme-containing proteinaceous compartments which are similar to viruses in size and shape [53] . There are three known types of BMCs: the carboxysome, the propanediol utilizing (Pdu) and the ethanolamine utilizing (Eut). The most studied BMC is the carboxysome, which is present in photosynthetic bacteria [54] . Carboxysomes contain two enzymes responsible for carbon fixation reactions: carbonic anhydrase and RuBisCo. Because of the encapsulation of the two enzymes, CO 2 fixation is enhanced [55, 56] . When carboxysomes were first visualized by electron microscopy decades ago, they were thought to be viruses. Indeed, there are strong resemblances between carboxysomes and viruses [57] . Carboxysomes have regular, polyhedral structures with a size of 80-120 nm [58] . A few thousand protein subunits form the shell with the basic building block being a hexameric unit. Pdu and Eut are also polyhedral but they are less regular than carboxysomes. Another difference is that Pdu and Eut encapsulate many more enzymes than the two that carboxysome encapsulates. Both Pdu and Eut have aldehydes as toxic intermediates in the metabolic pathways they are responsible for. Thus, it is thought that one of the functions of these BMCs is to limit cytosol exposure of aldehyde. In view of all these unique features, BMCs provide the possibility of being engineered as nano-bioreactors for biosynthesis and biocatalysis [59] and also for molecular delivery of drugs and other biomolecules [60] .
Vaults are another example of protein-enclosed compartments, which are found in nearly all eukaryotic cells. While the function of vaults has not been clearly identified, their structure is well characterized [61, 62] . A crystal structure at 3.5 Å resolution showed that rat liver vaults are ovoid spheres with overall dimensions of approximately 70 nm in length and 40 nm in width [63] . While vaults are ribonucleoprotein particles containing several copies of RNA and multiple copies of three protein species, it is possible to obtain a recombinant vault nanoparticle from only its most abundant protein (the 97 kDa major vault protein) [64] . Vault nanoparticles have a central cavity that can be used to encapsulate chemically diverse proteins simply by fusing the non-vault protein to a vault-targeting peptide [65] . This strategy allows for encapsulation of biologically active materials within the vault central cavity [65] , which is of vital importance for bionanotechnology. Furthermore, studies have revealed that vaults are non-immunogenic [66] . Vaults' structural features, in vitro stability and non-immunogenicity make them well suited for biomedical applications involving protection and encapsulation of cargo-whether it be a drug or a biomolecule [67] . Even immunogenic proteins can be encapsulated generating vaccines [66] .
Designed protein nanoassemblies
Proteins are biopolymers that have been used as versatile building blocks in the construction of nanosystems. There are several favourable characteristics of proteins for the bottom-up approach of nanostructure synthesis: (i) no external catalysts are needed in construction as all the molecular information necessary for self-assembly is already found in
From just knowing a protein's amino acid sequence, it is very challenging to predict its three-dimensional structure and to understand protein folding. Molecular dynamics can aid in our knowledge of protein folding but so far it has been limited to time scales that are inferior to the time in which biological processes occur. Shaw et al. [68, 69] have constructed a custom-built supercomputer called Anton that can simulate a biological process up to 1 ms. While this is an advancement of great importance, it remains inaccessible to most research groups. Therefore, researchers have attempted to design protein nanosystems solely based on the knowledge of the structure of the peptide chains used as building blocks in these bottom-up approaches. The following two criteria are needed to successfully engineer nanostructures from naturally occurring building blocks: first, the building block of choice must have the majority of its population in the required conformation; and second, from an energistic point of view the interactions between the building blocks should be favourable enough, so as to achieve an energy gap between the desired fully folded self-assembly and other possible unfolded forms.
MacKay et al. [70] used their knowledge of elastin-like polypeptides (ELP) to create a chimeric polypeptide made up of an ELP segment and a short Cys-rich segment, which can be used to covalently attach a cancer chemotherapeutic. The conjugation of the drugs to the short Cys-rich segment triggers the self-assembly of the nanoparticles. This creates a chimeric nanoparticle with a drug-rich core surrounded by a hydrophilic peptide corona. These nanoparticles can induce nearly complete tumour regression after a single dose. Another way of triggering the self-assembly of peptide nanoparticles is by attaching a hydrophobic block of cholesterol to a hydrophilic block of cell-penetrating peptides, such as six Arg residues [17] (figure 1a). The cationic peptide has antimicrobial properties, and the nanoparticles were able to terminate bacterial growth in infected brains of rabbits.
In nature, self-assembly into well-ordered structures is ubiquitous [71] . While nature produces these well-ordered structures in a reproducible and effortless manner, in the laboratory it is very challenging for scientists to mimic nature and obtain these self-assembled structures. Nonetheless, the concept of self-assembly has been increasingly used when creating nanostructures from peptide building blocks. Molecular self-assembly process is mainly mediated by noncovalent interactions, such as ionic bonds, hydrogen bonds, hydrophobic interactions and van der Waals interactions.
Ryadnov [72] created a self-assembling peptide polynanoreactor from the non-covalent dendrimer-like assembly of short leucine-zipper sequences. The nanoreactor possessed multiple cavities and could synthesize silver nanoparticles. Padilla et al. [73] engineered self-assembling nanomaterials such as protein cages and filaments by combining naturally symmetric protein oligomers into a fusion protein. Haghpanah et al. [74] studied the fusion of two distinct self-assembling domains and found that assembly was dependent on the block orientation and number of domains. Recently, spherical virus-inspired peptide nanoassemblies have been created using a novel C 3 -symmetric molecular design of peptides [75] .
Peptide nanotubes
Peptide nanotubes, or cyclic peptides, are other peptide architectures created by peptide self-assembly (figure 1b). Cyclic peptide subunits made up of alternating even numbers of D-and L-amino acid residues are the building blocks for stable, one-dimensional hollow cyclic peptide nanotubes [76] . The driving force for peptide self-assembly is the generation of an extensive network of intersubunit hydrogen bonds. Gobeaux et al. [77] revealed how counterions can modulate peptide nanotubes' diameter by examining the structural role of counterions in the self-assembly of lanreotide, a cationic octapeptide. Potential applications of these structures are as novel antibacterial agents [78] and as antiviral agents that target HBV entry at a post-binding step [79] . Another useful application of peptide nanotubes is in drug delivery systems, because they could mimic artificial transmembrane ion channels [80] . Hourani et al. [81] found an easy route to create peptide nanotubes with tunable interiors by adding 3-amino-2-methyl benzoic acid in the D,L-alternating primary sequence of the cyclic peptide. Hourani's results are important in the light of mimicking transmembrane proteins as it leads to enhanced selectivity in molecular recognition, transport and separation processes. For a review on nanotubes and their biomedical applications, see the study of Martin & Kohli [18] .
Peptide nanofibres
There are several ways to obtain peptide nanofibres. For example, peptide nanofibres can be obtained from a modified amyloid-b peptide (AAKLVFF) when assembly is done in water [82] . When assembly is done in methanol, nanotubes are formed [82] . The different morphologies arise from changes in the hydrogen-bonding capacity of the solvent, which may modify the propensity for b-sheets to twist. Yet another method of obtaining peptide nanofibres is using peptides with alternating hydrophobic and hydrophilic amino acid residues (self-complementary repeats) that have a tendency to adopt a b-sheet structure [83] . In physiological conditions, these short fibrillizing peptides self-assemble to form b-sheet-rich nanofibres [19] . These self-assembling peptide nanofibres can also be functionalized by extending the sequence with B-cell and T-cell epitopes (figure 1c) [19] . When administered in saline, the functionalized nanofibres raised antibodies in mice to levels similar to the epitope peptide delivered in complete Freund's adjuvant (CFA). The interesting aspect of this study was that the nanofibres alone were not immunogenic even when administered with CFA, and the antibody response was dependent on selfassembly. Recently, the molecular determinants and immunological mechanisms of the previously mentioned functionalized nanofibres [19] were investigated [84] . It was found that protection lasted at least a year and that the potent antibody response was T-cell dependent. Modifying the T-cell epitope and/or mutating the self-assembling domain, which would prevent the formation of fibres, could attenuate immunogenicity.
Apart from b-sheet peptide motifs as building blocks for the assembly of peptide nanofibres [19, [82] [83] [84] , a-helices can also be used to create self-assembling peptide nanofibres. Coiled coils are a-helices typically composed of a repetitive heptad amino acid sequence pattern (abcdefg) n (figure 2a). These a-helices wind around each other in a supercoil.
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Hydrophobic amino acids typically occupy positions a and d which create the hydrophobic core of the coiled coil. The amino acids located at positions e and g are often charged residues that form interhelical salt bridges. Coiled coils are one of the principal subunit oligomerization motifs in proteins [90] .
When coiled coils are adequately designed they can self-assemble into higher-order and larger supramolecular assemblies, such as fibrils and nanoparticles. The Woolfson group first described the design and creation of peptide nanofibres using a-helical coiled coils by engineering specific charged interactions [91] . Papapostolou et al. [92] designed a dual-peptide system that coassembles in water to form protein fibres. The two peptides are complementary leucine-zipper peptides, of de novo design. The leucine-zipper motif is one type of coiled-coil architecture. The two complementary peptides were designed to assemble into offset dimeric coiled coils with complementary sticky ends to promote longitudinal assembly into fibres.
Using such coiled-coil fibres, the Woolfson group rationally designed and engineered hydrogelating self-assembling fibres (hSAFs), which differ from the previous design by weaker interactions at residues that are exposed on the surface of coiled-coil assemblies [93] . Interestingly, hSAFs support cell growth and differentiation. It must be pointed out, however, that in drug delivery applications hydrogels suffer from the limitation of rapid drug release. Ferstl et al. showed that the addition of an anionic polyelectrolyte to a cationic peptide with hydrophobic side chains formed nanofibres and their binding mode might be useful as a tool to expand the time scale of drug release in hydrogel drug delivery systems [94] .
Indeed, nature creates fibres from collagen due to its triplehelix structure, which is clearly distinct from the a-helical structure. Luo & Tong [95] have advanced the field of synthetic collagen-mimetic peptides by creating a novel collagen-mimetic peptide amphiphile that self-assembles into a nanofibre with both structural and biological properties of native collagen. This is of great importance in the field of tissue regeneration, as native collagen can lead to autoimmune reactions and pathogenic side effects.
Peptide nanofibres can also be formed in response to changes in the environment. Ghosh et al. [96] designed smart, self-assembling peptide amphiphiles that changed the morphology from linear/spherical to fibrous upon lowering the pH. Potential applications of such a system are drug delivery and in vivo imaging. Another well-known and attractive fibre fabrication technique is electrospinning. Protein-and peptide-based electrospun nanofibres have recently been reviewed by Khadka & Haynie [97] .
Peptide nanoparticles
One strategy for obtaining peptide nanoparticles is to use coiled coils as building blocks. The main features of coiled coils, which render them suitable as building blocks of nanoparticles to be used for biological applications, are their potential for modification using external stimuli, such as temperature or pH, and their highly selective and specific binding characteristics.
Boato et al. [98] designed and produced a spherical particle with a mean diameter of 17-20 nm. The basic building block was a designed self-assembling coiled-coil lipopeptide. The coiled-coil sequence was derived from a fragment of the F1 glycoprotein of respiratory syncytial virus, which has been shown to form a parallel three-helix bundle. The assumption is that self-assembly into parallel helical bundles is driven by the coiled-coil motif. The coiled-coil bundles then self-assemble into nanoparticles by clustering of the lipid chains. rsif.royalsocietypublishing.org J R Soc Interface 10: 20120740
Another powerful tool that can be exploited to build peptide nanoparticles is symmetry. As mentioned in the designed protein nanoassemblies section of this review, Padilla et al. [73] first harnessed the power of symmetry to design selfassembling protein cages. They fused a dimeric protein to a trimeric protein with a nine-residue rigid helical linker forming a tetrahedral protein cage.
In our group, we have combined the coiled-coil structural motif with the power of symmetry to engineer self-assembling peptide/protein nanoparticles (SAPNs) [99] . Our design is inspired by the architecture of virus capsids and capsid-like protein cages. Our SAPNs [99] aim to mimic the structural design of viruses and their icosahedral symmetry. Virus capsids of small viruses are normally composed of one to four capsid proteins that self-assemble into a protein shell, thus protecting the genomic material. Therefore, the design is based on a single polypeptide chain (figure 2a) that self-assembles into a protein nanoparticle. The icosahedron has twofold, threefold and fivefold symmetry axes, and two of them were incorporated in the design by creating a fusion protein. A pentameric coiled coil was genetically joined to a trimeric coiled coil (figure 2b). The linker between them was only one/two glycine residues, which allowed flexibility between the two domains. The alignment of these two oligomerization domains along the corresponding symmetry axes of the icosahedron and application of the symmetry elements create a nanoparticle with icosahedral symmetry (figure 2c). Identical copies of the protein chain self-assemble to produce the nanoparticle. At least 60 protein chains are required to form a nanoparticle where every chain occupies an identical environment.
We first used solid-phase peptide synthesis to obtain the peptide chain composed of two oligomerization domains with different oligomerization states joined by a short linker segment [99] . More homogeneous nanoparticles were obtained when refolding was done using lower peptide concentrations and complete denaturation of the peptide. Biophysical characterization of the peptide nanoparticles showed that nanoparticles with a 16 nm diameter were formed.
We also produced protein nanoparticles from oligomerization domains other than coiled coils, such as the globular foldon domain from fibritin with a trimeric b-sheet conformation [100] . Recombinant expression methods were used to obtain the protein chain, as chemical synthesis for these longer sequences would be too expensive. In this study, eight different proteins were expressed, purified, refolded and analysed by transmission electron microscopy and analytical ultracentrifugation. Nanoparticles of the expected icosahedral symmetry formed only when the foldon domain was extended with an additional trimeric coiledcoil domain as a combined trimerization domain that is linked to the pentameric coiled coil.
Biomedical applications 4.1. Cell targeting
Cell targeting is aimed at achieving high uptake of therapeutic and/or diagnostic reagent in a preferential location such as a tumour and high tumour to blood/normal tissue ratio. In this way, it is possible to reduce potential side effects and increase therapeutic/diagnostic efficiency, which are important goals in the treatment of cancer and other diseases. One way of accomplishing targeting is to change the physicochemical properties (surface topography and charge) of the nanoscale assemblies to facilitate their intracellular delivery [101] . Targeting can also be accomplished using proteins (mainly antibodies and their substructures), peptides, nucleic acids (aptamers), small molecules or vitamins and carbohydrates. By attaching targeting moieties, specificity for cell targeting is obtained by receptor-mediated endocytosis. For example, bacteriophage MS2 VLPs were chemically conjugated to a targeting peptide (SP94) that binds human hepatocellular carcinoma (HCC) [102] . This allowed for the selective delivery of nanoparticles, chemotherapeutic drugs, siRNA cocktails and protein toxins to HCC.
VLPs have a natural affinity to target host cells, and this has been investigated for cell-targeting applications [103, 104] . Other nanobioassemblies such as CPMV simply interact with different cell lines and tissues showing low cell specificity. Thus, it becomes necessary to modify them chemically or genetically for targeting purposes. For example, using a copper-catalysed azide-alkyne cyclo-addition reaction, folic acid-PEG conjugates of CPMV particles were synthesized [105] . The folic acid-PEG conjugated CPMVs were efficiently targeted to cell-surface folic acid receptors. Additionally, this study showed that higher density loading of targeting ligands on CPMV might not be necessary for efficient targeting to tumour cells. Recently, the chemical conjugation of human epidermal growth factor (EGF) to simian virus 40 VLPs allowed for cell selective targeting [106] . Simian virus 40 VLPs have gained attention in gene delivery due to their low toxicity and high stability in the blood. The cell selectivity of the simian virus 40 VLPs was evaluated with carcinoma cells that over-express the EGF.
The discovery of targeting ligands, which enhance cellular uptake, is a major task in the cell-targeting field. Recently, a novel cell-uptake selection strategy was developed to isolate specific prostate cancer (Pc) internalizing aptamers [107] . Aptamers are short RNA or DNA oligonucleotides that fold into three-dimensional conformations with high binding affinity and specificity. In simple terms, in this novel cell-uptake selection strategy, an RNA library is incubated with normal cell lines, and the unbound RNA is collected in a counterselection fashion. Next, in an internalizing-selection step the unbound RNA is incubated with Pc cell lines. The cells are lysed and the internalized RNA is collected, reverse transcribed and amplified by polymerase chain reaction. The cycle is repeated 12 times. Not only were internalizing aptamers selected from this strategy, but proof-of-concept was also demonstrated by conjugating the aptamer to docetaxelencapsulated nanoparticles. This kind of strategy deserves merit as it allows for the design and engineering of targeting moieties in the absence of information on the target antigens.
Drug delivery
The hollow cavity of some nanoassemblies is useful for the encapsulation of anticancer chemotherapeutics, immunotherapeutics or nucleic acids. Whether the nanoassembly be rod-shaped or spherical, genetic and chemical modifications are at the core of successful encapsulation for drug delivery applications. For example, vault nanocapsules have hollow cavities that can be used as carrier of the lymphoid chemokine CCL21 [108] . After a single intra-tumoural administration in mice, these CCL21-carrying vaults inhibit lung cancer growth [108] . It must be pointed out that there are many rsif.royalsocietypublishing.org J R Soc Interface 10: 20120740 specific issues to consider when dealing with drug delivery, such as route of administration, drug transport in cells and tissues, clearance from the body, drug resistance, concentration distribution and total accumulation of drug in target tissues, toxicity and antigenicity and lastly dose, dose rate and time schedule of administration. It is especially challenging to deliver drugs to tumour cells because of the following factors: heterogeneous blood supply and vascular permeability, inadequate interstitial penetration, intracellular transport barriers, limited transport of hydrophilic drugs across cell membranes, and in relevant cases transport across nuclear envelopes. Taking into consideration all these factors, we will highlight some of the most recent findings of nanoscale assemblies being used in drug delivery.
pH-responsive polymeric micelles are a type of smart nanocarrier system. The change in pH allows for controlled drug release [109] . However, the inherent toxicity of the polymers used to make the micelles has been an issue when considering their use in clinical settings. Recently, hyperbranched double hydrophilic block copolymer micelles of poly(ethylene oxide) and polyglycerol have been designed and synthesized [109] . The study showed that not only were the micelles pH-responsive but that the polymers were biocompatible when cytotoxicity was evaluated with HeLa cells.
Another type of intracellular stimulus being used for drug delivery is the high redox potential difference between the reducing intracellular space and the oxidizing extracellular space. Recently, redox-responsive polymeric nanoparticles were prepared using a new disulphide bond-containing redox-sensitive polymer, poly(ethylene glycol)-b-poly(lactic acid) [110] . Paclitaxel was encapsulated in the polymeric nanoparticle using an optimized oil-in-water emulsion/solventevaporation method and scanning electron microscopy showed that the nanoparticles were rice shaped. The reducing environment of the cellular cytoplasm provided a triggered and continuous release of the drug in tumour cells resulting in pronounced cytotoxicity. The polymeric carrier itself had low cytotoxicity. It remains to be seen, with both pH-and redox-responsive polymeric nanoparticles, how the introduction of targeting molecules would affect assembly, in vitro drug release, and finally in vivo assays.
Photoswitchable nanoparticles are another type of smart nanocarrier system; they harness the power of physics, chemistry and biology [111] . Hybrid spiropyran/lipid-PEG nanoparticles change size from 150 to 40 nm when illuminated with UV light. The volume change is reversible and allows for spatio-temporal control of drug release and improved tissue penetration, which is advantageous in many diseases, including cancer. Multi-stage nanoparticles are another type of nanoparticle that changes size [112] . Originally, these nanoparticles are 100 nm in diameter but upon encounter with proteases that are highly expressed in the tumour microenvironment they break up into smaller 10 nm nanoparticles. The smaller size allows for greater diffusion throughout the tumour and thus deeper penetration into tumour tissue. Examples of FDA-approved nanoparticle-based therapeutics are Doxil (100 nm PEGylated liposomal form of Dox) and Abraxane (130 nm albumin-bound paclitaxel nanoparticle). They readily accumulate into solid tumours by the enhanced permeability and retention effect. In addition, they have shown improved pharmacokinetics and reduced adverse effects, but only modest survival benefits to patients. This may be due to poor tissue penetration [113] .
Bioimaging
Nanoscale assemblies, and particularly nanobioassemblies, serve as excellent scaffolds for the loading of fluorescent dyes or other probes for in vitro or in vivo imaging due to their high surface area-to-volume ratio. High local concentrations of dyes and/or probes are obtained, as they can be loaded onto the surface of the nanoassembly or inside its hollow interior. Furthermore, fluorescence quenching can to some degree be avoided when the dyes are loaded in a highly ordered and structured manner. In the case of polymeric nanoassemblies, chemical modification is needed to conjugate the dye or probe. However, in the case of nanobioassemblies, chemical or genetic modification can be used for bioconjugation of fluorescent dyes or other probes. Another advantage of nanobioassemblies such as VLPs for bioimaging is their biological compatibility.
CPMV, which is a small plant virus with an inert nature, is an example of a nanobioassembly used for bioimaging [114] . CPMV was fluorescently labelled with a variety of commercially available fluorescent dyes using N-hydroxysuccinimide ester chemistry. The fluorescent CPMV was injected into adult mice and chick embryos. The fluorescently conjugated viral nanoparticles allowed the visualization of the vasculature and blood flow to a depth of up to 500 mm and also enabled the long-term vascular mapping of tumours. The rod-like virus M13 bacteriophage also shows promise in cancer cell imaging when modified with cell-targeting motifs, such as folic acid and fluorescent dyes [115] .
It is not only fluorescent dyes that are used for imaging. QDs and green fluorescent protein (GFP) have been used extensively for in vitro and in vivo imaging as alternatives to labelling. For example, fluorescent chimeric VLPs of canine parvovirus were expressed in insect cells [116] . To create the fluorescent chimeric VLPs of canine parvovirus, enhanced GFP was genetically engineered onto the N-terminus of the viral protein VP2. The attachment of GFP did not disturb self-assembly or susceptibility to infection, as was demonstrated with mammalian cells. Thus, the chimeric VLPs show great potential as a visualization tool to understand mechanisms related to canine parvovirus infection. GFP has also been used to create chimeric HIV VLPs that allow protein to be tracked during assembly and transmission using live-cell imaging [117] . Another alternative to fluorescently labelling nanoscale assemblies are QDs, which are colloidal nanocrystals with unique optical properties [118] . For more in-depth information on the applications of QDs as multi-modal contrast agents in bioimaging, see the study of Michalet et al. [119] .
Vaccine development
For all the different classes of nanoscale assemblies we described in §2 (polymers) and in §3 (liposomes, nucleic acid-based, etc.), there are numerous reports in the literature of how they have been used in new vaccine technologies [120] [121] [122] . By way of illustration, in the case of vault nanoparticles, encapsulation of the major outer membrane protein of Chlamydia muridarum in the vaults' cavity and subsequent intranasal immunization in mice induced cell-mediated immune responses at mucosal surfaces [66] . Additionally, recombinant vault nanoparticles encapsulated with the model antigen ovalbumin (OVA) generated greater cellular immunity than OVA packaged in liposomes [123] . A complete literature survey on nanoscale assemblies and carriers, such as rsif.royalsocietypublishing.org J R Soc Interface 10: 20120740 keyhole limpet haemocyanin, cholera toxin B subunit and flagellin, used for vaccine applications would be beyond the scope of this review. Here we focus solely on VLPs and SAPN.
Virus-like particles
Considering vaccine applications, VLPs are attractive because they are considered safe. Unlike attenuated or inactivated live virus vaccines, there is no risk of the development of disease in vaccinated individuals because they lack the genomic material needed for the replication and hence the spread of the virus. However, when used as vaccines VLPs also have limitations. For example, there are issues with their massproduction. Furthermore, there is a restriction on the size of antigen that can be attached which is counterproductive to vaccine efficacy. Despite these limitations, there are a number of prophylactic VLP-based vaccines currently being commercialized worldwide: Merck and Co., Inc.'s Recombivax HB (HBV) and Gardasil (HPV) and GlaxoSmithKline's Engerix (HBV) and Cervarix (HPV).
VLP vaccine technology has also been employed to develop vaccines against chronic diseases such as hypertension, Alzheimer's disease and rheumatoid arthritis or vaccines against drug addiction [124] . The VLP vaccines for chronic diseases or drug addiction differ from conventional vaccines as they have an immunotherapeutic nature and use. These VLP vaccines are synthesized by covalently conjugating selfantigens to VLPs to induce autoantibody responses. For example, the only hypertension vaccine tested in clinical trials so far has been an angiotensin II vaccine [125] and was based on VLP technology. A peptide derived from angiotensin II was synthesized by solid-phase chemistry and was chemically conjugated to the RNA bacteriophage Qb VLP capsid. The angiotensin II vaccine was administered to spontaneously hypertensive rats and resulted in decreased blood pressure. One advantage of such vaccine treatment in humans would be better patient compliance, as daily dosing would not be required.
Self-assembling peptide/protein nanoparticles
Our SAPNs (figure 2d-h) have great potential as repetitive antigen display systems for the development of vaccines. For one thing, antigens from either the surface or from within the pathogen can be genetically engineered into the peptide sequence of the nanoparticle. Secondly, the architectural similarity to virus capsids allows the peptide nanoparticles to elicit a strong immune response while obtaining the purity and high specificity of peptide-based vaccines. This in turn provides two safety features as the inherent risks of live attenuated vaccines are avoided and the need for toxic adjuvants present in peptide-based vaccines is eliminated. Compared with VLPs on the other hand, the SAPNs are ideally suited to present conformation-specific oligomeric epitopes. For example, a fragment of the surface protein of severe acute respiratory syndrome coronavirus (SARS-CoV) (figure 2d) was repetitively displayed on the SAPN in its native trimeric conformation [85] . The SARS epitope selected was a coiled coil too, and hence the epitope was incorporated into the SAPN in such a way that it remained in coiled-coil register with the trimeric coiled coil. Biophysical characterization showed satisfactory self-assembly and that there were about 110 peptide chains per nanoparticle. The SARS-functionalized SAPNs were injected into mice and qualitative enzyme-linked immunosorbent assay showed that conformation-specific antibodies were elicited. Not only was the conformation of the epitope properly maintained but the antibodies elicited could also inhibit infection of cells in vitro. More recently also, a similar study on HIV (figure 2h) has been carried out [89] .
Another example of such SAPNs being used as repetitive antigen display systems for the development of a vaccine is the peptide nanoparticles functionalized with a fragment of the circumsporozoite protein of rodent malaria-causing agent Plasmodium berghei (figure 2e) [86] . Kaba and colleagues administered the functionalized peptide nanoparticles in saline to mice that had genetically very different immune backgrounds. The immunizations with these malaria functionalized nanoparticles produced T-cell dependent, high-avidity antibodies. These antibodies were able to protect mice for up to 15 months against a second challenge after an initial challenge had successfully been cleared. Additionally, the SAPN platform was employed for avian influenza (AI) (figure 2f ) immunization [87] . The SAPNs were functionalized with the immunogenic epitope from the external domain of matrix protein 2 (M2e). In one set of SAPN constructs M2e was monomeric, and in another set the M2e viral surface was tetrameric. Chickens were used as the test animals and SAPNs with tetrameric M2es showed better protection than their monomeric counterparts. These results show the superior performance of the SAPN platform to display oligomeric epitopes in their native conformation and suggest that the SAPN technology can be a powerful platform for AI vaccination.
A study has also been done to improve the biophysical properties of SAPNs [126] . SAPNs are purified under denaturing conditions, and refolding occurs upon gradual removal of urea. Aggregation can occur if the refolding conditions are not favourable. Therefore, we investigated the optimal refolding conditions (ionic strength, pH and glycerol concentration) to create an adequate buffer formulation that allows for improvement of the immunological properties of the SAPNs. The superior biophysical properties of the SAPNs confirmed by the results of this study would allow for better antigen display, size uniformity and long-term stability.
The SAPNs' feature of a repetitive antigen display system can be used not only for vaccination but also to elicit an immune response against poor antigens [88] . Schroeder and co-workers wanted to obtain specific actin antibodies in order to study the form of nuclear actin. However, owing to its high degree of conservation in higher animals and humans, actin is a poor immunogen in mice. By genetically engineering actin sequences from the highly conserved 'hydrophobic loop' onto the peptide nanoparticles and then immunizing mice, a number of monoclonal antibodies were generated which bound to the hydrophobic loop in vitro and in situ. The immunogenicity of this actin loop was thus improved by its presentation in the nanoparticle (figure 2g) in an ordered, repetitive array.
Conclusions and perspectives
This review has summarized characteristic features of nanoscale assemblies. Special focus was given to nanobioassemblies and their biomedical applications. We highlighted how nanobioassemblies can be used in diverse biomedical applications by either using their natural features and affinities or broadening their capabilities by chemical and/or genetic modifications.
Given these considerations, it is evident that the study of nanoscale assemblies is at the interface of biology, chemistry and physics and relies on the expertise and collaboration of scientists trained in a range of diverse disciplines from organic synthesis to protein engineering and beyond.
Whether the building block for a nanoscale assembly be a polymer or a biomolecule, the wealth of sizes and shapes that can be created are impressive. This is important not only for scientific curiosity and proof of principles but also for the possible biomedical applications of the nanoscale assemblies. There is a clear tendency towards the development of 'smart', multi-functional nanoparticles for biomedical applications.
Thus, the nanoparticle should have targeting and sensing capabilities, diagnostic and imaging power, drug-loading abilities-all while maintaining non-toxicity and integrity until the right moment. The DNA nanorobot with cell-targeting abilities [29] and the octa-functional PLGA nanoparticles [5] seem to point in this direction. Finally, in the area of vaccine development whether it be for traditional diseases, chronic diseases or antidrug, nanoscale assemblies have proved to be very useful.
This work was supported by the NIH awards 1P01GM096971 and 1DP1DA033524.
